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the outside conditions, still allowing for daylight and views. However, glass is also one of the most brittle materials used in buildings today. This raises questions related to safety issues regarding e.g. extreme loads such as nearby explosions and hazards in general. It is well-known that in the event of an explosion, debris of glass can be accelerated to velocities posing a serious threat to humans (Norville et al. 1999; Norville 2000) .
Studies of laminated glass exposed to high loading rates have been reported in the scientific literature Larcher et al. 2012; Zhang et al. 2013; Kuntsche 2015; Pelfrene 2016; Del Linz et al. 2017 ). However, the focus has been on the laminate while the glass itself has attracted less interest.
For predicting failure, the strength of glass is considered as one of the key parameters. However, the strength is challenging to determine, especially at high loading rates relevant for blast loads. Likewise, it must be considered crucial to have a proper knowledge about the dynamic glass strength when designing the substructure of a façade, as the amount of blast energy that can be absorbed by the glass until failure is an important factor. A few attempts on investigating the dynamic flexural strength of borosilicate glass using a four-point bending setup and a ring-on-ring test have been reported (Nie et al. 2009 (Nie et al. , 2010 . Both studies demonstrate a loading rate dependency. The dynamic strength of float glass was also studied utilising a Split-Hopkinson pressure bar (SHPB) test setup. Here a strong correlation between strength and loading rate was also found (Peroni et al. 2011; Zhang et al. 2012) .
Normally, the strength of glass is known to be insensitive to moderate loading rates when focusing on long-term loads in the sense of life time predictions. This is well described by the phenomenon of stress corrosion causing sub-critical crack growth (Wiederhorn 1967; Wiederhorn and Bolz 1970; Evans and Wiederhorn 1974; Michalske and Freiman 1983) . But how do high loading rates affect the strength of glass where the effect of sub-critical crack growth possibly may be decreased? This paper will as a part of a pilot study experimentally investigate the loading rate effects of the biaxial flexural strength of soda-lime-silica glass using a small ring-on-ring test in a specially designed servo-hydraulic high-speed test rig.
Experimental Details
Circular soda-lime-silica glass specimens (discs) with a diameter, D, of 45 mm were produced for the investigations. The average measured thickness of the specimens was 2.85 mm ranging between 2.82 mm and 2.90 mm. The present study focused on two different types of surface treatments without taking into account the production related air-or tin side. The majority of the specimens were tested with an untreated surface (as-received). To assess the effect of the surface conditions, a small series was scratched on the tensile surface with a well-defined flaw using a Universal Surface Tester (UST-1000) from the company Innowep. With a penetration force of 500 mN, the scratch was induced centrally on the specimen with a length of 2.5 mm in accordance with the properties proposed by Schula (2015) and Hilcken (2015) , representing a realistic flaw that can be found on glass panes in consequence of e.g. ageing (see also Datsiou and Overend 2017a,b) .
Using a scanning electron microscope (SEM) together with an energy dispersive X-ray spectroscopy (EDS), a chemical elemental composition as expected for soda-lime-silica glass according to EN 572-1:2012 (2012) was found.
Previous studies investigating the dynamic flexural strength of borosilicate glass were using a coaxial ring-on-ring test setup to prevent the influence from edge flaws (Nie et al. 2010 ). In the present study, a similar setup was used in accordance with ASTM C1499 (2015) to investigate the flexural strength using a custom-made servo-hydraulic high-speed test rig with a load capacity of 50 kN. The test rig was capable of achieving piston velocities up to 5 m/s in a closed controlled loop resulting in loading rates for the tests comparable to SHPB tests.
The test setup was built up by two concentric steel rings; a load ring and a support ring, with outer diameters of 12.5 mm and 30 mm, respectively, both produced with a tip radius of 2.5 mm. An image of the described test setup is shown in Figure 1 , where the mentioned ring dimensions are highlighted.
To ensure a uniform pressure distribution at the contact surfaces between the rings and the glass specimen, a spherical steel washer (hardness 550 ± 100HV10) was placed underneath the support ring that prevented stress concentrations to be introduced due to misalignment. The extended part containing the load ring was equipped with 3 linear strain gauges to measure the load applied concentrically to the specimens. Furthermore, a piezoelectric load cell was added to the bottom part carrying the support ring, which also was capable of measuring the failure load of the tested glass. This was used to check whether the forces at load and support ring were equal. The failure mechanism was investigated by means of a high-speed camera and an explicit finite element model of the experiment. From these, it was clear that the failure originated in the proximity of the specimen centre and bending was, by far, the dominant mechanism.
During the experiments the temperature of the testing environment was 22 • C, with a relative humidity of 30 %.
Results and Discussions
Biaxial flexural strength tests were conducted on both specimen types -as-received and pre-damaged -at 6-7 different loading rates in the range of 2 -5.6 · 10 6 MPa/s. These rates were achieved at target piston velocities of 1.7 · 10 −3 mm/s, 0.05 mm/s, 1 mm/s, 10 mm/s, 100 mm/s, 1000 mm/s and 3000 mm/s. However, the actual introduced loading rate varied due to the velocity change of the piston at impact with the specimen. The majority of tests were performed on the untreated specimens with at least 10 tests at each loading rate which is in line with the specifications stated in ASTM C1499 (2015) . Some loading rates required more tests as they showed a larger scattering in the results. As it only was feasible to pre-damage a small amount of the glass specimens, the number of valid tests for each loading rate was below 10 for this group of specimens tested. Typical load signals from dynamic ring-on-ring experiments are given in Figure 2 for two different loading rates, of which it can be seen that it was possible to load the specimens with a constant rate. However, some challenges regarding the load signals recorded from the piezoelectric load cell were observed. At high loading rates the load cell started to oscillate by the impact on the glass specimen (as the eigenfrequency of the load cell most likely was hit). At a piston velocity of about 100 mm/s the oscillations became so severe that it was difficult to demonstrate force equilibrium for velocities above it, although no indications that this was not the case were found.
For loading curves below that velocity, a clear coincidence between the load signals from the load ring and support ring was seen.
A few tests were recorded with a high-speed camera, all indicating a bending induced failure mechanism, as the origin of the crack started under the load ring where also the maximum tensile stresses were assumed to appear. An example of one of the high-speed recordings is given in Figure 3 , where three sequential frames are illustrating the crack development. The pre-damaged specimens failed in the same manner with a crack initiation starting from the applied scratch. Due to the test setup, the view on the tensile side of the specimens was blocked by the load ring. To further investigate the failure mechanism, an axisymmetric explicit FE-model of the problem was set up to check the stress state in the specimen during loading. The glass specimen is modelled together with the ring tips, both having a frictionless contact to the specimen surfaces. The support ring is fixed in the horizontal and vertical direction whereas the load ring is allowed to move vertically. In the simulation, a velocity of 1000 mm/s is chosen for the load ring resulting in a similar load history as the one used in the high-speed recordings. Figure 4 illustrates the distribution of the max principal stresses after 126 µs of loading. It is seen that the plate is subjected to (almost) pure bending supporting the findings seen from Figure 3 . A similar stress state is found for the highest loading rate at 3000 mm/s.
Once the failure load of the glass specimen is established and force equilibrium is ensured, the biaxial flexural strength can be calculated by means of plate bending theory (see e.g. Timoshenko and Woinowsky-Krieger 1976 ):
where F is the recorded peak load, h is the specimen thickness, D S is the support ring diameter, D L is the load ring diameter, D is the specimen diameter and ν is the Poisson's ratio of soda-lime-silica glass (ν = 0.23). This theory, however, is only applicable for linear elastic problems with small deflections neglecting all shear contributions to the deflection. Therefore, a simple axisymmetric FE-model including geometrically non-linear behaviour was used to check the applicability of Eq. (1). The results showed a deviation of 3 % leading to the conclusion that the applied theory is sufficient to describe the strength of the specimens. Under the assumption that E = 70 GPa and ν = 0.23 remains unchanged during the tests, a strain rate,ε, can be calculated by the following expression as the stresses within the area of the load ring are rotationally symmetrical:
whereσ is a stress rate based on the relationship stated in Eq.
(1) using a loading rate for F. 
Step Time = 1.2619E-04 Fig. 4 Distribution of max principal stresses in a glass specimen with a thickness of 2.85 mm (mean thickness) shown for a loading time equal to 126 µs (velocity applied to load ring = 1000 mm/s). The results are based on an axisymmetric explicit FE-model in Abaqus CAE.
The calculated flexural strengths for soda-lime-silica glass at different loading rates are presented in Table 1 for the as-received and pre-damaged specimens. It follows from the results that the flexural strength is strongly affected by the applied surface conditions as the pre-damage reduces the strength with about 70 %. Furthermore, it reduces the scattering of the results significantly. Above all, the experimental results are showing a loading rate sensitivity of the flexural strength. For both surface conditions tested, the strength is increasing with loading rate. Comparing the lowest strength (quasi-static) with the highest obtained one, an increase of 85 % is noticed for the as-received specimens and 52 % for the pre-damaged. However, the results for the as-received specimens are having large standard deviations ranging from 20 % to 40 % of the averaged strengths, indicating a large variation of flaw sizes on the surface. These findings are comparable with results obtained by Swab et al. (2014) . In fact, one could say that there is no strength increase due to the high standard deviations. However, since the development of the averaged strengths is similar to the one found by Nie et al. (2010) for borosilicate glass, an increase might have been present. This is also the case for the pre-damaged specimens despite the fact that the number of tests was very limited.
To rule out the concern about the large standard deviations disturbing the increase in strength, the test results were subjected to a one-way ANOVA testing the following null hypothesis:
where µ is the group mean and k the number of groups tested. The test clearly shows a statistically significant difference in strength between the tested loading rates, leading to the conclusion that a strength increase as function of loading rate was present for the as-received as well as for the pre-damaged specimens, i.e. the null hypothesis has been rejected. The main results of this analysis are given in Table 2 . At the fourth tested loading rate, a drop in strength is observed for both surface conditions tested. This is likely to be attributed to some systematic factors. However, no obvious factors have been found and more tests are needed to completely rule out the possibility of random scattering in the results. Results obtained at the highest loading rates are based on experiments where it was not possible to prove force equilibrium. However, they are following the trend of the strength development quite well, strongly indicating equilibrium.
The strength increase at high loading rates can be explained by the decrease (or absence) of sub-critical crack growth at the rapid loading rate used. As this mechanism is governed by a chemical reaction at the crack tip that initiates the crack growth in the glass material due to the presence of humidity, the rapid loading will shorten the time for the reaction in the crack tip and thus delay the occurrence of crack growth, resulting in a strength increase. Based on this hypothesis, the observed increase in strength was compared to Brown's integral (Brown 1972) to asses whether the static fatigue constant equal to 16 provides a good fit or not. The comparison indicated an increase of the constant for the high loading rates, however, a conclusion cannot be drawn as more tests would be needed.
Conclusion
A successful ring-on-ring test setup was developed to investigate the dynamic flexural strength of small circular sodalime-silica glass specimens. The testing fixture was designed for a custom-made servo-hydraulic high-speed test rig that was capable of producing and reproducing loading rates for the investigated specimens, comparable with SHPB tests. All specimens tested were subjected to a constant loading rate Table 1 Biaxial flexural strength of soda-lime-silica glass tested under different loading rates with the as-received and pre-damaged surface condition. (v p = target piston velocity; N = number of tests)
As-received
Pre
1.7 · 10 −3 2 ± 0.2 169 ± 40 2.2 · 10 −5 30 1 ± 0.3 56 ± 6 1.1 · 10 −5 5 0.05 78 ± 7 211 ± 50 8.6 · 10 −4 10 62 ± 6 72 ± 1 6.8 · 10 −4 3 1 1311 ± 146 263 ± 86 1.4 · 10 −2 15 1356 ± 213 82 ± 3 1.5 · 10 −2 3 10 7646 ± 504 229 ± 63 8.4 · 10 −2 28 8269 ± 272 71 ± 6 9.1 · 10 −2 4 100 1.2 · 10 5 ± 2.6 · 10 4 248 ± 92 1.3 · 10 0 15 1.4 · 10 5 ± 1.6 · 10 4 88 ± 19 1.5 · 10 0 4 1000 1.9 · 10 6 ± 4.8 · 10 4 297 ± 73 2.1 · 10 1 16 1.5 · 10 6 ± 1.4 · 10 5 85 ± 13 1.7 · 10 1 3 3000 5.6 · 10 6 ± 6.5 · 10 5 313 ± 73 6.2 · 10 1 15 Piston velocity where force equilibrium was not verified. Table 2 Results of a one-way ANOVA conducted for the as-received and pre-damaged specimens. The degree of freedom (df = df between , df within ) is given along with the value of F and the significance (Sig.).
df F
Sig.
As-received 6, 122 11.17 6.51 · 10 −10 Pre-damaged 5, 16 6.06 2.48 · 10 −3 until failure. This was ensured through load signals measured at the load ring and support ring. Furthermore, these signals were compared to verify force equilibrium. High-speed camera recordings along with FEM analysis, clearly indicated that the specimens failed in bending. The investigations have revealed that the flexural strength increases significantly with loading rate for both surface conditions tested. An increase in flexural strength of 85 % was found for the specimens with an untreated surface. Applying a well-defined pre-damage to the surface has led to remarkable lower scattering of the test results, still showing the same behaviour as the untreated ones.
A comparison between the test results and Brown's integral indicated that an increase of the static fatigue constant might have been present at the high loading rates. Despite the fact that the investigations showed promising results, the number of specimens needs to be increased due to the large scattering to get a more profound understanding of the dynamic flexural strength of soda-lime-silica glass. 
